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FXECTRODEIONIZATION APPARATUS AND METHOD 

Related Applications 
This application is a divisional application of copending U.S. Patent Application 
Serial No. 09/867,786, filed May 29, 2001. 

5 

BACKGROUND OF THE INVENTION 
JL Field of the Invention 

The present invention relates to an electrodeionization apparatus and method, and 
more particularly to an electrodeionization apparatus and method that provide for 
10 improved purification of water, and in particular, for the improved removal of weakly 
ionizable species. 

2. Description of the Related Art 

Electrodeionization (EDI) is a process that removes ionized species from water 
using electrically active media and an electric potential to influence ion transport. The 

15 electrically active media may function to alternately collect and discharge ionizable 
species, or to facilitate the transport of ions continuously by ionic or electronic 
substitution mechanisms. EDI devices may comprise media of permanent or temporary 
charge, and may be operated batchwise, intermittently, continuously or in reverse 
polarity mode. EDI devices may be operated to cause electrochemical reactions 

20 specifically designed to achieve or enhance performance, and may comprise electrically 
active membranes such as semipermeable ion exchange or bipolar membranes. 

In continuous electrodeionization (CEDI), which includes processes such as 
continuous deionization, filled cell electrodialysis, or electrodiaresis (EDR), the ionic 
transport properties of the electrically active media are the primary sizing parameter. 

25 These processes are described, for example, by Kollsman in U.S. Patent No. 2,815,320; 
Pearson in U.S. Patent No. 2,794,777; Kressman in U.S. Patent No. 2,923,674; Parsi in 
U.S. Patent Nos. 3,149,061 and 3,291,713; Korngold et al. in U.S. Patent No. 3,686,089; 
Davis in U.S. Patent No. 4,032,452; U.S. Patent No. 3,869,376; O'Hare in U.S. Patent 
No. 4,465,573; Kunz in U.S. Patent Nos. 4,636,296 and 4,687,561 ; and Giuffrida et al. in 

30 U.S. Patent No. 4,632,745. A typical CEDI device comprises alternating electroactive 

semipermeable, anion and cation ion-exchange membranes. The spaces between the 

membranes are configured to create liquid flow compartments, or cells, with inlets and 
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outlets. A transverse DC electrical field is imposed by an external power source using 
electrodes at the bounds of the membranes and compartments. Often, electrolyte 
compartments are provided so that reaction products from the electrodes can be separated 
from the other flow compartments. Upon imposition of the electric field, ions in the 
liquid are attracted to their respective counter-electrodes. The compartments bounded by 
the electroactive anion membrane facing the anode and the electroactive cation 
membrane facing the cathode become ionically depleted, and the compartments bounded 
by the electroactive cation membrane facing the anode and the electroactive anion 
membrane facing the cathode become ionically concentrated. The volume within the 
ion-depleting compartments, and often within the ion-concentrating compartments, is 
also comprised of electrically active media. In continuous deionization devices, the 
media may comprise intimately mixed anion and cation exchange resins. The ion- 
exchange media enhances the transport of ions within the compartments and can also 
participate as a substrate for controlled electrochemical reactions. The configuration is 
similar in EDR devices, except that the media comprise separate, and sometimes 
alternating, layers of ion-exchange media. In these devices, each layer is substantially 
comprised of resins of the same polarity (either anion or cation resin) and the liquid to be 
deionized flows sequentially through the layers. 

Electrodeionization may be more effective at removing certain types of dissolved 
species from a fluid. For instance, compounds that are predominantly dissociated and in 
ionic form are more easily transported under the influence of an electric field than are 
those such as boron and silica that may not be dissociated, and may exist in a 
predominantly non-ionized form. These non-ionized compounds may also be difficult to 
remove by other water purification techniques, such as reverse osmosis. Thus, a given 
electrodeionization device may efficiently remove fully ionized species while not 
removing some compounds that are not easily dissociated. The compounds that are not 
removed may force additional treatment in order to render the water suitable for a 
particular use. Some efforts have been made in this area, such as that described in 
Japanese Patent No. 2865389, in which it was reported that silica removal of 70% was 
achieved in an electrodeionization device by initially passing the water through a layer of 
anion exchange resin and then a layer of cation exchange resin. This level of reduction 
was found to be helpful in reducing the required recharging frequency of a conventional 
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mixed bed polisher, but the ppm levels of silica that remained in the water mean that it is 
unusable for applications requiring sub-ppm levels of silica, without additional 
conventional mixed bed polishing. In addition, European Patent Application No. 
1,038,837 discloses that the pH of a sub-desalination chamber may be made alkali by 

5 using a cation exchange membrane on the input side of the chamber and an anion 
exchange membrane on the exit side of the chamber. 

As additional treatment, such as conventional mixed-bed polishing, may be 
costly, cumbersome and inefficient, there remains a need for an improved 
electrodeionization apparatus capable of removing weakly ionizable species down to 

10 sub-ppm and sub-ppb levels. 

SUMMARY OF THE INVENTION 
The present invention is directed to an electrodeionization apparatus and method 
for producing purified water. In one aspect, the invention provides an electrodeionization 

15 apparatus that comprises at least one ion-depletion compartment, a first layer of a first 
ion exchange material positioned in the at least one ion-depletion compartment, a second 
layer of a second ion exchange material positioned adjacent and downstream of the first 
layer, and a third layer comprising anion and cation exchange material positioned 
adjacent to and downstream of the second layer. 

20 In another aspect, an electrodeionization apparatus is provided, the 

electrodeionization apparatus includes at least one ion depletion compartment, a first 
layer of ion exchange material disposed in the ion depletion compartment, the first layer 
comprising cation exchange resin or anion exchange resin. A second layer of ion 
exchange material is disposed in the ion depletion compartment and comprises cation 

25 exchange resin or anion exchange resin and is different than the first layer. At least one 
of the layers further comprises a dopant. 

In another aspect, an electrodeionization apparatus is provided, the apparatus 
comprising a first cell including anion or cation exchange material, a second cell in fluid 
communication with the first cell, the second cell comprising anion or cation exchange 

30 material and being different than the exchange material of the first cell. A third cell is in 
fluid communication with the second cell, the third cell comprising a mixed ion 
exchange material. 



In another aspect, a method is provided, the method comprising applying an 
electric field to an electrodeionization apparatus, the electrodeionization apparatus 
comprising a cation exchange layer, an anion exchange layer and a mixed ion exchange 
layer. A first fluid is passed through the cation exchange layer to produce a second fluid, 
the pH of the second fluid is adjusted by passing the second fluid through the anion 
exchange layer to produce a third fluid, and the third fluid is passed through the mixed 

ion exchange layer. 

In another aspect, a method of purifying water is provided that comprises 
applying an electric field to an electrodeionization apparatus, the electrodeionization 
apparatus comprising two layers wherein the two layers are an anion exchange layer and 
a cation exchange layer and wherein at least one of the layers comprises a dopant. A first 
fluid is passed through one of the two layers to produce a second fluid, and the second 
fluid is passed through the other of the two layers to produce a third fluid, wherein the 
third fluid is at a pH that is at least one pH unit adjusted from the pH of the first fluid. 

In another aspect, a water purification apparatus is provided that comprises a first 
reverse osmosis device, an electrodeionization apparatus in fluid communication with the 
first reverse osmosis device and an anion exchange layer disposed in the 
electrodeionization apparatus. A second reverse osmosis device is in fluid 
communication with the electrodeionization apparatus, the second reverse osmosis 
device communicating with the first reverse osmosis device via the electrodeionization 
apparatus, and a bypass loop provides fluid communication between the first reverse 
osmosis device and the second reverse osmosis device. 

In another aspect, a method of purifying water is provided, the method 
comprising passing water through a first reverse osmosis device to produce a first fluid, 
raising the pH of the first fluid without adding an alkaline substance to produce a second 
fluid, and passing the second fluid through a second reverse osmosis device. 

In another aspect, a water purification apparatus is provided, the apparatus 
comprising a first electrodeionization cell comprising ion exchange material, a second 
electrodeionization cell comprising ion exchange material, a first reverse osmosis device 
in fluid communication with the first electrodeionization cell and the second 
electrodeionization cell, and a second reverse osmosis device in fluid communication 
with the second electrodeionization cell. 



In another aspect a method of purifying a fluid is provided, the method 
comprising passing a feed fluid through a first cell to adjust pH to produce a first fluid, 
passing the first fluid through a first reverse osmosis device to produce a second fluid, 
passing the second fluid through a second electrodeionization cell to adjust pH to 
produce a third fluid, and passing the third fluid through a second reverse osmosis device 
to produce a purified fluid. 

In another aspect, an electrodeionization cell is provided wherein a rate of 
removal of a weakly ionizable species is substantially constant throughout a length of the 
cell. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Preferred, non-limiting embodiments of the present invention will be described 

by way of example with reference to the accompanying drawings, in which: 

FIG. 1 is a schematic flow diagram of an embodiment of the present invention; 
FIG. 2 is a schematic flow diagram of another embodiment of the present 

invention; 

FIG. 3 is a schematic cross-sectional view of an embodiment of a module of the 

present invention; 

FIGS. 4a-4f are schematic, enlarged, cross-sectional views of layer 
configurations that may be applied in different embodiments of the invention; 

FIG. 5 is a schematic flow diagram of one embodiment of the invention; 

FIG. 6 is a schematic flow diagram of another embodiment of the invention; 

FIG. 7 is a schematic flow diagram of another embodiment of the invention; 

FIG. 8 is a schematic flow diagram of another embodiment of the invention; 

FIG. 9 is a schematic flow diagram of another embodiment of the invention; 

FIG. 10 is a schematic flow diagram of a prior art water treatment system; 

FIG. 1 1 is a schematic flow diagram of an embodiment of the invention; 

FIG. 12 is a schematic cross-sectional view of a module of an embodiment of the 
present invention; 

FIG. 13 is a schematic cross-sectional view of a module of another embodiment 
of the present invention; and 

FIG. 14 is a schematic flow diagram of an embodiment of the invention. 



p F TATT FF> FiFSCRIPTION 
The present invention is directed to an electrodeionization apparatus and method 
that provides a high purity water having reduced levels of weakly ionizable species. The 
invention provides for the adjustment of the P H of water that passes through the 
apparatus to produce a water that contains reduced levels of one or more weakly 
ionizable species, as well as efficiently removing species that are more completely 
dissociated at commonly encountered pH levels. For instance, the concentration of 
anionic species such as silica or boron may be reduced in the solution by as much as 90, 
99 or 99 9% or to less than 100 ppb, 10 ppb, 1 ppb or 100 ppt, by weight, making the 
water suitable for many applications that require low levels of weakly ionizable species. 

Weakly ionizable species are those dissolved chemical species that are not mostly 
dissociated, or not predominantly in ionized form, at neutral pH. These species include 
both organic and inorganic species. These compounds may exist in solution in both ionic 
and non-ionic form and at any given pH, the ratio of the concentration of the ionized 
form to the concentration of the non-ionized form may be constant. Other factors, 
including temperature and the ionic strength of the solution, may also affect the amount 
of dissociation. Some compounds may exist in two or more states of dissociation. For 
example, dissolved carbon dioxide may exist in solution as H 2 C0 3 , HC0 3 and CO3 2 . 
Generally, when the pH of the solution equals the pK of the weakly ionizable species, the 
concentration of the ionized form and the concentration of the non-ionized form of a 

given species are equal. 

Compounds that dissociate into anionic species and those that dissociate into 
cationic species may both be removed with the present invention. Anionic species are 
those that form charged anions at elevated pH. These include species such as boron, 
silica, carbon and germanium. When in ionized form, for instance, when an adequate 
concentration of hydroxide ions is present, borates (pK = 9.3), silicates (pK, = 9.47 
pK 2 =12.71) and carbonates (pK,= 6.3, pK 2 = 10.25) may be influenced and transported 
through a compartment containing anion exchange resin. This transport is facilitated by 
the application of an electric field. Many weakly ionizable species may be more 
predominantly ionized at higher pH's, e.g., pH's of 9, 1 0 or greater. In addition, a 
portion of the species may be further ionized so that the charge/mass ratio is increased. 



Silica, among other weakly ionizable species, may be difficult to remove from 
water using conventional techniques. When silica is dissolved in water, it forms a 
relative unstable compound, silicic acid (H 2 Si0 3 ). 

Si0 2 + H 2 0^ H 2 Si0 3 0) 

Silicic acid is ionized into the bisilicate ion (HSKV) and the hydrogen ion (H + ). 

H 2 Si0 3 <-> HSi0 3 - + H + pK = 9.47 (2) 
Further ionization forms the silicate ion (Si0 3 2 ) and the hydrogen ion. 

HSiOr *- Si0 3 " 2 +H + P K= 12.71 (3) 

As opposed to anionic species, ionizable cationic species, such as ammonia, may 
be ionized by reacting with H + to form positively charged species, such as ammonium 
ion, NH4 + . These weakly ionizable cationic species may be more extensively ionized 
when pH is reduced, for example, below a pH such as 6 or 5. Once ionized, cationic 
species can be transported, under the influence of an electric field, through a layer of 
cation exchange resin or mixed ion exchange resin. 

The purification of water by the elimination of these compounds down to low 
levels may be most important for particular end users of deionized water, such as, for 
example, semiconductor chip manufacturers. In cases such as these, it may be 
advantageous to achieve very low concentrations, for example, less than 1 ppm, less than 
10 ppb, or less than 1 ppb, of, for example, silicon and/or boron in water. 

It may be difficult to evaluate the quality of a water sample when these 
constituents are of concern, as species that are only slightly ionized contribute little, or 
not at all, to the conductivity of the water, and conductivity may often be used as an 
indicator of water purity. This same lack of charge may also contribute to factors that 
make it difficult to transport these species under the influence of an electric field, such as 
in an electrodeionization device. 



To facilitate the transfer of weakly ionizable species, the pH of the water may be 
adjusted, for example, by the addition of an acid or a base. However, the introduction of 
an acid or base into a purified fluid may not be preferred, as these compounds may 
provide a possible source of contamination, may contribute to the conductivity of the 
water, and may also result in fluctuations in pH because of the absence, or near absence, 
of buffering capacity. Thus, an adjustment of pH that does not require the addition of an 

acid or base is preferred. 

In one aspect, the present invention may provide for the adjustment of pH 
without significantly affecting the conductivity of the water. For example, the pH of a 
solution may be adjusted to greater than 7 to reduce a concentration of an anionic 
species, or to below 7 to reduce a concentration of a cationic species. Preferably, the pH 
can be adjusted by at least 1 pH unit, most preferably by more than 2 pH units and even 
more preferably, by more than 3 pH units. Thus, the pH of the water can be adjusted, 
from neutral, upward to a pH of 10 or higher and downward to a pH of about 4, or lower. 
Furthermore, these reductions may take place without the addition of acids or bases. 

In another aspect, the invention provides for the reduction of the concentration of 
one or more weakly ionizable species by adjusting the pH of a fluid to alter the 
speciation of a weakly ionizable species and then transporting the dissociated form of the 
species out of the fluid. By adjusting the pH of a fluid, the dissociation constant of a 
chemical species may be exploited so that the ratio of the concentration of the ionized 
form to the concentration of the non-ionized form is increased. By splitting water and 
disproportionally transferring either hydrogen ions or hydroxide ions out of the depletion 
compartment, pH may be affected. In response to this variation in pH, some molecules of 
the weakly ionizable species may become ionized and therefore can be influenced by an 
electric field. A portion of these molecules may be transferred out of the water sample, 
resulting in a fluid that contains a lower concentration of the particular species. 

For example, the water may be treated in an electrodeionization apparatus where 
it passes through a depletion compartment bounded by ion-permeable membranes, the 
apparatus being subjected to an electric field. As some of the ionized species are 
transported out of the treated fluid through an ion-selective permeable membrane, the 
ratio of ionized to non-ionized species may be kept relatively constant in the fluid by the 
subsequent dissociation of non-dissociated compounds. These newly dissociated 



compounds may then, in turn, be removed from the fluid. Thus, substantial removal of 
weakly ionizable species may occur while, at any given time, a majority of the spec.es m 
solution are in non-dissociated (non-ionized) form. 

For a variety of reasons, it may be preferred that the pH of the fluid be adjusted 
so that more of the species of concern is ionized than at neutral pH, i.e., the pH is 
adjusted to be between neutral and the pK of the species. It is more preferable that the pH 
is adjusted to, for at least a portion of the purification process, a pH that approaches the 
pK of the species of interest and it is most preferable that the pH reach or exceed the 
target pK. For removal of weakly ionizable cationic species such as ammonia, the target 
pH may be exceeded and may be below 7, and for weakly ionizable anion species such 
as silica, boron and dissolved carbon, the target pH may be exceeded and be above 7. 

In one aspect, the pH of a fluid may be adjusted by passing the fluid through a 
layer of ion exchange material that is bounded, at least partially, by a selective ion- 
permeable membrane. The layer of ion exchange material may be any material capable 
of facilitating the transfer of ionized species from a fluid, resulting in a fluid that 
contains a reduced concentration of one or more ionized or ionizable species. Ion 
exchange materials may include both natural and man-made materials. Preferred ion 
exchange materials include electroactive media, such as ion exchange resins, ion 
exchange fibers and bonded ion exchange materials. Most preferred are ion exchange 
resins such as, for example, anion exchange resins, cation exchange resins, and mixtures 
thereof. These include Type I and type II anion exchange resins, strong or weak acid 
cation exchange resin, strong or weak base anion exchange resins and mixtures thereof. 
A resin support may be any suitable material, including acrylic and styrenic based 
materials. Preferably, the layer through which the fluid is passed is a substantially 
homogeneous layer of either anion or cation exchange material. Most preferably, if the 
layer is a layer of cation exchange resin, the layer also includes a dopant. 

Under some conditions, for example, at the junction of cation and anion exchange 
material, and with adequate electric potential, water splitting may occur in an 
electrodeionization apparatus. The resulting concentrations of hydrogen (hydronium) and 
hydroxide ions may be retained in the ion-depletion compartment or may partially, or 
totally, be transported out of the ion-depletion compartment. For example, hydrogen ions 
may pass through a cation permeable membrane in response to, for example, an electric 
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potential and/or a concentration gradient. If an unequal number of hydrogen and 
hydroxide ions are transported out of the ion-depletion compartment, the pH of the fluid 
will be adjusted either up or down, depending on the transport differential between the 
hydroxide and hydrogen ions. For instance, if hydrogen ions exit the compartment at a 
greater rate than do hydroxide ions, a greater concentration of hydroxide ions will 
remain, resulting in an increased pH. Conversely, if a greater number of hydroxide ions 
are transported out of the compartment, the pH will decrease. 

A substantially homogeneous layer of ion exchange material may preferentially 
transport one type of ion over another. For example, anion exchange resin may 
preferentially transport anions, rather than cations, if an appropriate membrane and 
electric potential are used. If anions present in a water sample are transported out of a 
compartment through an anion-permeable membrane and hydrogen ions are transported 
out of the same compartment through a cation-permeable membrane, electrical balance 
suggests that the hydroxide ion concentration in the compartment will become greater 
than the hydrogen ion concentration, and a rise in pH will occur. Alternatively, if the 
compartment contains predominantly cation exchange resin, cations such as sodium or 
calcium may be transported through the membrane concurrently with the transport of 
hydroxide ions through an opposing membrane. Thus, a greater number of hydrogen ions 
will be retained in the compartment compared to hydroxide ions, and the pH of the fluid 
within the compartment will decrease. 

Because pH adjustment by this method may be a result of water splitting and the 
unequal transport of hydrogen and hydroxide ions from the water, rather than due to the 
addition of a basic or acidic substance, the pH of the water may be adjusted while 
maintaining or even decreasing, the conductivity of the water. Thus, a water sample may 
be adjusted to a pH that promotes the ionization of a weakly ionizable species without 
the introduction of additional compounds that may hinder water quality and cause 
fluctuations in pH. 

In one embodiment, weakly ionizable anionic species such as silica, boron, 
ammonia and carbonate may be removed from water by passing the water through an 
ion-depletion compartment containing a layer of anion exchange material. This may 
allow for the production of water, using an electrodeionization apparatus, containing 
very low levels of these compounds, thus allowing for the use of the water in systems 
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that require low concentrations of these compounds. This may be achieved without the 
use of a conventional polishing bed that might require frequent recharging or 
replacement of ion exchange media. 

To facilitate the removal of weakly ionizable anions, the fluid being treated is 

5 preferably passed through a layer of anion exchange resin disposed in a cell that is 
bounded by an anion permeable membrane on a side facing an anode and by a cation 
permeable membrane on a side facing a cathode. Alternatively, the cell may be bounded 
by two anion permeable membranes or two cation permeable membranes. Impermeable 
or universally permeable membranes may also be used. There may be an ion- 

10 concentrating chamber on the opposite side of either membrane and the ion- 
concentrating compartment may be an electrode compartment or a concentrating 
compartment, distinct from an electrode compartment. This concentrating compartment 
may contain inert material, ion exchange material, a mixture of ion exchange material or 
may be empty except for a fluid concentrating stream or reservoir. 

15 Preferably, before the fluid is passed through an anion exchange layer, it is first 

passed through a cation exchange layer. Although the pH of the fluid may be lowered 
upon passage through a cation exchange layer, it is believed that downstream removal of 
weakly ionizable anions is improved because the fluid may be conditioned in the cation 
exchange layer by, for example, removing hardness components such as calcium and 

20 magnesium as well as by lowering the overall conductivity and dissolved solids loading 
of the fluid. By removing some of the compounds that contribute to hardness, such as 
calcium, as well as compounds that may form undissolved hydroxides, such as 
magnesium and iron, the potential for scaling downstream in the anion resin is reduced. 
This may be of particular importance when the pH of the fluid is raised to promote 

25 dissociation, because scaling and metal hydroxide precipitation are generally more 

pronounced at an elevated pH. In addition, by first passing the water sample through a 
layer of cation exchange resin, the pH may be lowered prior to the water contacting the 
anion exchange resin. This may result in a lower pH after passing through the anion 
exchange material as well, providing for greater solubility of calcium and other sealants, 

30 while still providing for effective removal of weakly ionizable anion species. 

Another problem that may occur in electrodeionization systems is scaling in the 
concentration compartment of a device if calcium or other sealants are transferred into 
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the compartment, and the fluid in the compartment is at neutral or alkaline pH. However, 
if the cation exchange layer and the anion exchange layer share a common concentrating 
compartment, or if the respective concentrating compartments are in series, hydrogen 
ions may be transferred into the concentrating compartment from the portion of the 
5 depletion compartment containing the anion exchange resin. This will lower the pH in 
the concentrating compartment (while raising the pH in the adjacent depletion 
compartment), thus helping to keep precipitating compounds in solution in the 
concentrating compartment. It may be preferable to keep the volume of a leading layer of 
cation exchange material to a minimum to prevent the transfer of excessive amounts of 
10 calcium to the concentration compartment prior to a downstream reduction in pH. 

For the removal of weakly ionizable cationic species, a fluid may be passed 
through a cation exchange material that may help to lower the pH of the fluid. 
Preferably, the pH is adjusted so that it approaches the pK of the species being removed, 
and most preferably, the pH is adjusted to be equal to or beyond the pK of the species. 
15 For example, the pK of ammonium ion is about 9.25 and more efficient removal may be 
obtained when the pH is reduced to below neutral. It is preferred that the pH be lowered 
to about 6 and more preferably to below about 5. At these lower pH's, a greater 
percentage of the ammonia in solution will be ionized and thus removal of ammonia via 
an electrodeionization technique may be facilitated. Removal efficiency may be 
20 improved by preceding passage of the water through the cation exchange material with 
passage through a layer of anion exchange material. This may condition the water by 
removing a portion of the anions that may then provide for more efficient transfer of 
hydroxide ions from the water when it passes through the cation exchange layer. 

Whether anionic compounds, cationic compounds, or both, are being removed 
25 from water, the process may be improved by either pre-treating or post-treating the water 
by passing it through a layer of mixed ion exchange material. The mixed ion exchange 
material may be used to polish the water to remove traces of ions, including both weakly 
ionizable species and those that are predominantly in ionized form. Preferably, the mixed 
ion exchange material is in an electrodeionization device and most preferably, the water 
30 is passed through the electrodeionization device after it passes through a series of 

homogeneous or doped anion/cation or cation/anion exchange layers. The use of a CEDI 
mixed bed is preferred over a conventional rechargeable polisher because, for example, 
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of lower operating costs, no reagent requirement and fewer interruptions in service. In 
addition, the removal efficiency that may be achieved with certain embodiments of the 
invention makes the use of a conventional polisher unnecessary. 

The pH of the fluid being treated may not be adjusted instantaneously to a target 

5 pH upon contact with a layer of anion exchange material or a layer of cation exchange 
material. Rather, the pH may be gradually adjusted as the water passes through the layer 
and as ions (either hydroxide or hydrogen ions) are removed from the water. Therefore, 
the pH of the water may approach the target pH when it is in contact with only a small 
portion, generally a latter portion, of the layer. The adjusted pH may be maintained, at 

10 least temporarily, as the water passes from a substantially homogeneous ion exchange 
material into a subsequent mixed ion exchange material, in which case removal of 
weakly ionizable species may continue, facilitated by the adjusted pH. 

Rather than allowing the pH to drift back toward neutral as the fluid passes 
through a mixed bed, it may be preferred to maintain the treated water at or around a 

15 target pH for an extended time as the water passes through the system. This may enable 
the rate of removal to be substantially constant throughout the layer, or an entire cell, as 
the fluid passes through the layer. This may be accomplished, for example, by providing 
a layer of ion exchange material that includes a mixture of ion exchange materials chosen 
to provide for retention of a stable, non-neutral pH. In this manner, a pH of around 8, 9, 

20 10, 6, 5 or 4 may be substantially maintained by passing the fluid through such a layer 
that may fill, for example, Vi, V* or an entire cell. For instance, if an elevated pH is 
desired, a mixture of cation and anion exchange material that favors anion exchange 
material (on a molar basis) may be used. Conversely, a reduced pH may be maintained 
by passing the fluid through a mixture that uses a majority (on a molar basis) of cation 

25 exchange resin. These layers may also be interlayed between layers of anion, cation or 
mixed ion exchange materials. Some molar ratios of anion/cation exchange materials that 
may be useful to maintain elevated pH's are 1.5:1, 2:1, 3:1, 4:1 and 10:1. The inverse of 
these ratios may be used to maintain a pH below neutral that may be preferred when 
weakly ionizable cationic species are to be removed. Preferably, the ion exchange 

30 materials are ion exchange resins. In this manner a small section of a cell where peak 
removal may occur can be expanded to include a more extensive area, such as the entire 
length of a cell. 
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A number of variables may be used to adjust a pH of a water sample to a desired 
range. Among the variables that may affect pH adjustment are electric current, type of 
ion exchange material, type of membrane material, the total surface area of ion exchange 
material, the amount of ion exchange material, contact time of the water with the ion 

5 exchange material and pre-treatment of the water. Contact time of the water with the ion 
exchange material may be controlled in a number of ways, including flow velocity 
through the layer, the volume of the layer, and the surface density of ion exchange units 
on the ion exchange material that is used. For instance, the pH of a fluid may be raised to 
a greater degree, for example, by slowing down the flow through an anion exchange 

10 material or by increasing the volume of the ion exchange material through which the 
water flows. 

Improved results may be achieved by using alternating layers of anion, cation and 
mixed ion exchange material, and the volumetric and surface area ratios of each layer in 
relation to another may be varied. For instance, to remove weakly ionizable anionic 
15 species from a water, a layer of substantially homogeneous anion exchange material may 
be preceded by a layer of substantially homogeneous cation exchange material. In this 
case, it may be preferred that a greater amount of anion exchange material than cation 
exchange material be used. More preferred is a volume of anion exchange material that is 
more than twice the volume of cation exchange material and most preferred is a volume 
20 of anion exchange material that is equal to or greater than three times the volume of the 
cation exchange material. The inverse may be preferred for the removal of weakly 
ionizable cationic species. 

A variety of configurations of different types of ion exchange materials may be 
used with the invention, and any configuration may be repeated within a single cell, 
25 module, series of cells or series of modules. 

A module is defined herein as a portion of an electrodeionization device 
containing at least one concentrating and one depleting compartment that are positioned 
between a single pair of electrodes. A module may contain one or more cells which may 
function as depleting compartments, concentrating compartments, electrode 
30 compartments or some combination thereof. 

A cell is defined herein as a compartment within a module that is bounded by at 
least two membranes and through which fluid may pass continuously in a single 
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direction, generally vertically and parallel to the membranes. Cells may or may not 
contain ion exchange material and a plurality of cells may be arranged in series or in 
parallel within a module. A cell may contain any configuration of ion exchange material, 
including, for example, homogeneous ion exchange material, layered ion exchange 
material, mixed ion exchange material, doped ion exchange material and inert material. 
Water may be passed through ion exchange layers in various orders. Several layer 
patterns of ion exchange material that may be useful with different embodiments are as 
follows: 

anion/cation 

cation/anion 

anion/cation/mixed 

cation/anion/mixed 

mixed/cation/anion 

mixed/anion/cation 

Of course, any of these configurations may be repeated one or more times, either 
in whole or in part. In addition, the configurations may be within a single module or, 
preferably, may be split into two or more modules or separated by inert or electroactive 
screens or by other inert or electroactive materials such as glass, carbon or polymeric 
materials. It may be preferred that layers within the same stack be selectively doped so 
that, for example, current distribution within the stack can be balanced. 

A module may include one or more depletion cells that may operate in series or 
parallel. Each depletion cell may contain a single layer of ion exchange material or may 
contain multiple layers or patterns. The ion exchange material may be, for example, 
beads, fibers, woven material, non-woven material and bound resin beads. One 
embodiment of a module is illustrated in cross-section in FIG. 12 and shows two 
equivalent depletion cells, each containing a layer of cation exchange material, 520 and 
522, and a layer of anion exchange material, 530 and 532. Each depletion cell is bounded 
by an anion permeable membrane 560 and a cation permeable membrane 562. 
Concentrating compartment 560 lies between the two depletion cells (or compartments) 
and may or may not contain ion exchange material. Water may be fed to the device 
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through distributor 510 where the flow is split to feed the depletion compartments, 
electrode compartments 540 and 550, and concentrating compartment 560. As electrode 
compartments 540 and 550 may also collect ionic material from the depletion 
compartments, they too may be considered to be concentrating compartments. 

In operation, an electric potential is applied between the cathode and the anode 
and current passes through electrolytic material that may be stationary or mobile in each 
of the electrode compartments 540 and 550. Current also passes through the depletion 
compartments and concentrating compartment 560, providing for water splitting and for 
transport of ions. Current may pass, for example, continually in one direction, or a 
reverse polarity system may be employed wherein the polarity of the electrodes may be 
periodically reversed to aid in, for example, reduction of scaling within the various 
compartments. Purified fluid may be collected at conduit 570. 

FIG. 13 illustrates schematically another embodiment of a module of the 
invention in which the module may contain multiple depletion compartments, 620 and 
630, each of which may contain a different type of ion exchange material. In FIG. 13, 
depletion compartment 620 is filled with homogeneous cation exchange resin and 
depletion compartment 630 is filled with a mixture of Type I and Type II anion exchange 
resins. Water is fed to the module through conduit 610 where the flow is divided 
between concentrating compartment 680, depletion compartment 620 and anode 
compartment 650. As an electric potential is applied between cathode 660 and anode 
670, water flows through depletion compartment 620 and cations, including divalent 
cations such as calcium, are transported through cation permeable membrane 622 into 
cathode compartment 640 (also a concentrating compartment). As the water passes 
through the layer of cation exchange resin, the pH of the water may be adjusted lower 
due to unequal transfer of hydrogen ions and hydroxide ions from the cell. The treated 
water, now reduced in hardness and in pH, passes through conduit 612 and into depletion 
compartment 630 that contains a specialized electroactive media of Type I and II anion 
exchange resins in a volume about three times that of the cation exchange layer. As the 
water passes through this compartment, the pH is adjusted higher, and weakly ionizable 
species may be dissociated and passed through anion permeable membrane 632 into 
anode (concentrating) compartment 650. Purified water exiting at conduit 614 may be 
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further treated, for example, by passing it through another electrodeionization device that 
may include a mixed ion exchange material. 

Water passing through concentration compartment 680, which may contain ion 
exchange material, may have a pH below neutral due to a greater influx of hydrogen ions 

5 than hydroxide ions. This low pH water then passes through conduit 616 and feeds 
cathode compartment 640. The reduced pH of this fluid may help prevent scaling that 
would otherwise occur in cathode compartment 640 due to the influx of calcium and 
other precipitating ions through cation permeable membrane 622. 

Using such a configuration, it may be possible to vary the bed volume of each ion 

10 exchange resin, without requiring layering within a cell. 

In some embodiments, particularly where separate layers are disposed in a single 
cell, it may be preferable that one or more of the layers is doped. By adding a dopant to a 
layer of homogeneous ion exchange resin, usually cation exchange resin, the 
conductivity of the layer may be balanced with that of another layer, or layers, in the 

15 same cell. In this manner, improved current distribution through the module may be 
achieved. The dopant may be either an inert or an electroactive material. For example, 
the dopant may be an anion exchange resin that has been added to a layer of cation 
exchange resin in order to decrease the conductivity of the layer. 

In FIGS. 4a-4f, varying schematic, cross-sectional views of an ion-depleting 

20 compartment 100 according to the present invention are shown. According to the 

embodiments, alternating layers, or beds, of ion exchange resin material are positioned in 
the ion-depleting compartment 100 in a central space formed between an anion- 
permeable membrane 126 and a cation-permeable membrane 124. 

In one aspect of the invention illustrated in FIGS. 4a-4c, the first, or topmost 

25 layer, is preferably an anion exchange resin material 128, and the second layer is 

preferably a cation exchange resin material 130. In one embodiment illustrated in FIG. 
4A, the first layer of anion exchange resin material 128 is preferably doped with a dopant 
material 138, while the second layer of cation exchange resin beads 130 is preferably 
undoped. Conversely, in another embodiment illustrated in FIG. 4b, the first layer of 

30 anion exchange resin material 128 is preferably undoped, while the second layer of 
cation exchange resin material 130 is preferably doped with a dopant material 138. In 
another embodiment illustrated in FIG. 4c, both the first anion exchange resin material 
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layer 128 and the second cation exchange resin material layer 130 are preferably doped 
with dopant material 138. 

FIGS. 4d-4f illustrate another aspect of the invention, in which the first, or 
topmost layer in the ion-depleting compartment is a cation exchange resin material 130, 
and the second layer is an anion exchange resin material 128. In one embodiment 
illustrated in FIG. 4d, the first cation exchange resin material layer 130 is preferably 
doped with a dopant material 138, while the second anion resin material layer 128 is 
preferably undoped. Conversely, in another embodiment illustrated in FIG. 4e, the first 
cation exchange resin material layer 130 is preferably undoped, while the second anion 
exchange resin material 128 is preferably doped with a dopant material 138. In another 
embodiment illustrated in FIG. 4f, both the first cation exchange resin material layer 130 
and the second anion exchange resin material layer 128 are preferably doped with dopant 
material 138. When either, or both, of the alternating layers are doped, they may be 
doped with the same or a different dopant material. 

Preferably, when either, or both, of the alternating layers of ion exchange resin 
material 128 and 130 are doped, they are doped with less than about 50 percent, more 
preferably less than about 40 percent, more preferably less than about 30 percent, more 
preferably less than about 20 percent, and more preferably still less than about 10 
percent, of a dopant material, by volume of the layer to be doped. As noted above, the 
dopant material may be an inert or an electroactive media, preferably anion or cation 
exchange resin beads. Some examples of dopant materials included strong and weak 
cation exchange resin, type I and type II anion exchange resin, inert material such as 
glass beads, or an electrically conductive non-ion exchange material such as, for 
example, carbon or conductive polymer beads. 

In one embodiment, the electrodeionization apparatus may include any number of 
different modules in fluid communication with each other, and the possible combinations 
may include, for example, the configurations illustrated in FIGS. 5-9. Although each of 
these schematic figures only shows modules or depletion compartments, it is understood 
that each depletion compartment may be accompanied by one or more adjacent 
concentration compartments. 

FIG. 5 illustrates an embodiment where feed water is first passed through a first 
cell including cation exchange material 51 and anion exchange material 53. The water is 
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then passed to a second cell where it passes through mixed ion exchange material 55. 
Purified water is then received through outlet 56. 

FIG. 6 illustrates an embodiment in which different ion exchange materials are 
repeatedly layered in a single module. For instance, the first module may include layers 
5 that consist of an anion layer 61 followed by a cation layer 63. This pattern may then be 
repeated any number of times, for example, three times, as illustrated in FIG. 6. The 
depth of each layer may vary and need not be consistent throughout the cell. 

FIG. 7 illustrates an embodiment wherein each cell may contain a single layer of 
ion exchange material, be it anion, cation, doped anion, doped cation or mixed material. 
10 Water is first passed through anion exchange layer 71, next through cation exchange 
layer 73 and finally through mixed ion exchange layer 75. A module may include a 
series of cells that contain identical or similar ion exchange material. By dedicating an 
entire module to a single type of ion exchange material, the process may be efficiently 
controlled both electrically and chemically, as each module can have consistent electrical 
15 and chemical characteristics throughout. For example, voltage and current may be 
independently controlled to a module to optimize the current passing through a cell, 
without affecting the current passing through cells in other modules. Any number of 
different modules may be electrically controlled independently of the other modules. For 
example, by placing different types of cells in different modules, for instance, a current 
20 applied to a first cell may be independently controllable from a current applied to a 
second cell. 

FIG. 8 illustrates another embodiment in which three different types of ion 
exchange layers may be included in a single cell. Cation exchange layer 81 may be 
followed by anion exchange layer 83 which is in turn followed by mixed ion exchange 

25 layer 85. It may be preferred that one or more of the layers in this configuration is doped 
so that advantages, such as balancing the resistance between layers, may be obtained. 

FIG. 9 illustrates an embodiment that may provide both high output and precise 
control of individual layers. If it is desirable to first pass the water being treated through 
a layer of cation exchange material 91 and then through a larger volume of anion 

30 exchange material, the anion exchange material may be split into multiple modules 92, 
93 and 94, within a stage, providing for individual control of each of these modules. For 
example, if twice the volume of anion exchange material is preferred, then two dedicated 
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anion exchange modules may be used, etc. This may allow for the ease of use associated 
with a modular system that can be tailored for specific requirements simply by adding or 
subtracting pre-made modules. In FIG. 9, each anion exchange material module 92, 93 
and 94 is shown feeding one of three independent mixed ion exchange modules 95, 96 
and 97 respectively. Feed from each module of the second stage may also flow to a 
common conduit before being re-divided to feed stage 3. There need not be a one-to-one 
correspondence between modules, and anion exchange material modules 92, 93 and 94 
may feed a fewer or greater number of mixed ion exchange material electrodeionization 
devices. 

It is to be understood that the configurations shown herein are illustrative only 
and that, for example, anion exchange material may be switched with cation exchange 
material or mixed ion exchange material. Furthermore, the ion exchange materials may 
be contained in any number of different cells within a module and cells need not be of 
the same size or contain the same material, and the devices shown in FIGS 5-9 may 
represent, for example, cells, modules or a group of identical cells within a module. In 
addition, the systems illustrated herein may be used in any type of electrodeionization 
system, for example, a continuous electrodeionization system or a reverse polarity 
configuration. 

It may be preferable, in order to increase the range of pH adjustment, to increase 
the amount of water splitting that occurs in a depletion chamber. This may be 
accomplished in a number of ways, including, for example, the use of specialized 
electroactive media, increased cation/anion resin contact, and increased electric potential. 
Thus, in one embodiment, a method of amplifying the amount of pH adjustment 
available is to increase the amount of contact between anion and cation exchange 
materials. The amount of contact may be increased by increasing the surface area of the 
membrane that is in contact with oppositely charged resin or by increasing the layering 
frequency to result in a greater number of layer interfaces. For example, instead of single 
layers of cation and anion resin having depths of 10 cm, two alternating layers of each 
type may be used, each 5 cm in depth, to effectively double the amount of contact 
between the two resin types. If unequal amounts of different ion exchange materials are 
to be used in the same depletion compartment, then the alternating layers may be of 
different thicknesses. For instance, the cation exchange layers might be 1 cm deep and 
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the anion exchange layers might be 3 cm deep when a volumetric ratio of 1:3 is 
preferred. It may also be preferred to increase the electric potential between the 
electrodes so that an adequate water splitting potential exists at the resin interface. This 
may be accomplished, for example, by increasing the voltage or the electrical resistance 
in the depletion compartment. 

EXAMPLES 
Example 1 

An experiment using a two-stage electrodeionization device was run to determine 
the quality of the water to be produced by passing water first through a module 
comprising anion exchange material and then through a module comprising mixed ion 
exchange material. The apparatus is shown schematically in FIG. 1. A feed stream 50 
from a reverse osmosis device (not shown) was split to feed an ion-depletion 
compartment 10 and ion-concentrating compartment 20, both compartments being in the 
first module 60. Ion-depletion compartment 10 was filled with a specialized electroactive 
media consisting of DOWEX™ MARATHON™ A anion exchange resin (a trademark of 
Dow Chemical Corporation) and AMBERJET™ 4600 Type II anion resin (a trademark 
of Rohm and Haas Corporation, Philadelphia, PA). The adjoining concentrating 
compartment was filled with a single layer of MARATHON™ C cation exchange resin, 
available from Dow. The depletion compartment was bounded by a cation permeable 
membrane on the cathode side and an anion permeable membrane on the anode side. A 
flow rate of 8.4 L/min. was fed to the depletion compartment and a flow of 0.8 L/min. 
was fed to the concentrating compartment. A flat platinum anode and a flat stainless 

steel cathode were used. 

The product from the first stage was fed through conduit 12 to a second stage 
having a depletion compartment 30 and a concentrating compartment 40. Both of these 
compartments contained layers of mixed ion exchange resin. The resins used were 50/50 
vol/vol MARATHON™ A anion resin and MARATHON™ C cation resin and the layer 
was 35 cm in depth. The feed was divided so that the flow to the depletion compartment 
was about 7.6 liters per minute (L/min) and the flow to the concentrating compartment 
was 0.8 L/min. 
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A DC voltage of 123-273 volts was applied to the first module, providing a 
current of 3.51-5.77 amps during operation of the apparatus. A DC voltage of 8.6-9.8 
volts was applied to the second module, providing a current of 1.94-2.5 1 amps through 
the module. 

Table 1 provides data for a variety of parameters and properties including 
conductivity, pH, and silica content of the various streams. Although the resistivity of 
the product from the first stage was 0.15 Ma-cm, the silicate content of the RO feed was 
reduced from 231.5 ppb to non-detectable (less than 1.0 ppb) levels. After passing 
through the second stage, the resistivity was increased to 18.2 MQ-cm and the silicate 
content remained below the detection limit of 1 .0 ppb. This demonstrates the 
effectiveness of one embodiment of the invention in removing silica, a weakly ionizable 
species, from a water sample. 
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Feed Conductivity (pS/cm) 

Feed temperature (°C) 

Feed pH 

Feed C0 2 (ppm) 

FCE (|xS/cm) 

Voltage (V) 
Current (A) 
Resistance (£T) 
Current Efficiency (%) 

Product Resistivity (MQ-cm) 
Product pH 

Product Flow rate (gpm) 
Product pressure drop (psi) 

Reject Conductivity (jiS /cm) 
Reject pH 

Reject Flow rate (gpm) 
Reject pressure drop (psi) 

Feed Si0 2 
Product Si0 2 (ppb) 
Reject Si0 2 (ppb) 



First Staee 


Second Stage 


c no 


6 63 


1^0 
25. o 


2S 9 


6.47 


9.0 


2.5 


<1.25 


1 O AO 

13. Uo 


6 63 


1 

1 30 


8 6 


3.51 


1.94 


38.7 


4.43 


y.i 


8 5 


A 1 f 

U. 1 j 


1 8 2 


9.0 


6.39 


5.0 


1.9 


33. y 


1 5 4 


3V.Z 


65.5 


5.21 


10.2 


0.55 


0.22 


5.7 


2.4 


231.5 


<1.0 


<1.0 


<1.0 


2406 


N/A 



TABLE 1 



Example 2 

A second experiment was designed using an apparatus similar to that of Example 

1 except that a portion of the anion exchange resin in the ion-depleting compartment of 
the first module was replaced with cation exchange material 250, as illustrated in FIGS. 

2 and 3. The cation exchange material 250 used in the first module ion-depletion 
compartment 210 was MARATHON™ C cation exchange resin, available from Dow. 
The anion exchange material 260 was identical to that used in Example 1. The 
volumetric ratio of anion/cation resin was about 3:1 and the layer of cation resin was in 
direct contact with the layer of anion resin. Ion-concentration compartment 220 was 
filled with cation exchange material. Both the second module depletion compartment 
230 and the second module concentration compartment 240 were filled with a layer of 
50/50 vol/vol mixed ion exchange resin. The apparatus was operated under conditions 
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identical to those used in Example 1, with the water first being passed through the layer 
of cation exchange material and then through the layer of anion exchange material. The 
water from the depletion compartment was then passed through conduit 212, the flow of 
which was split to feed the second stage depletion and concentrating compartments. First 
stage concentrate was rejected via conduit 222. Final product was received from second 
stage conduit 232 and second stage reject was passed through conduit 242. The data 
derived from the experiment are provided in Table 2. 



Feed Conductivity (}iS/cm) 

Feed temperature (°C) 

Feed pH 

Feed C0 2 (ppm) 

FCE (^S/cm) 

Voltage (V) 
Current (A) 
Resistance (Q) 
Current Efficiency f0 



Product Resistivity (MQ-cm) 
Product pH 

Product Flow rate (gpm) 
Product pressure drop (psi) 

Reject Conductivity (pS /cm) 
Reject pH 

Reject Flow rate (gpm) 
Reject pressure drop (psi) 

Feed Si0 2 
Product Si0 2 (ppb) 
Reject Si0 2 (ppb) 



First Stage 


second Mage 


6.41 


0.99 


19.1 


19.1 


6.3 
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13.4 
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63.6 


8.1 


3.52 


1.42 


18.10 


5.7 


9.1 


6.3 


1.01 


18.2 


7.8 


6.5 


1.9 


1.72 


22.5 


12.6 


68.6 


31.6 


6.45 


9.9 


0.21 


0.22 


3.7 


3.7 


180 


<1 


<1 


<1 


1980 


N/A 



10 



15 



TABLE 2 

When these results are compared to the results of Example 1, one notable 
property that is different is the pH of the first stage product. This may be explained by 
the use of a layer of cation resin upstream of the anion resin in the first stage. It is also 
significant that the product resistivity of the first stage product has changed from a value 
of 0.15 MQ-cm in Example 1 to a value of 1 .01 Mil-cm in Example 2. Example 2 did 
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not use an increased amount of ion exchange material, only the substitution of cation 
exchange material for a portion of the anion exchange material in Example 1 . The 
preliminary removal of some cationic species may result in reduced ionic loading that in 
turn may promote water splitting to improve the adjustment to pH. This may lead to 
5 greater dissociation of weakly ionizable species in a shorter anion exchange layer. 

Example 3 

An additional experiment was run using the apparatus of Example 2 to compare 
results with those obtained using a conventional mixed bed polisher. The water supply 

10 was a low temperature (7° C) RO feed and 16.25 ppm of C0 2 were added to the feed to 
simulate a high level of dissolved carbon dioxide. In test 3a, the apparatus was identical 
to that described above in Example 2, and the test 3b used the same feed and then passed 
the water through a conventional, rechargeable, mixed bed polisher that was not part of 
an electrodeionization device. Results from both tests are supplied in Table 3 below, 

15 with the results from test 3a being reported in the first column and results from test 3b 
being reported in the second column. The results, particularly those for weakly ionizable 
species such as silica, indicate that these impurities may be reduced to levels using 
electrodeionization that approach or equal the levels obtained using a conventional 
polisher. If an electrodeionization device can be substituted for a conventional polisher 

20 without a significant decrease in water quality, the savings available to the user may be 
significant. 
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Table 3 



Feed temperature 7°C 
Feed Conductivity 
Feed C0 2 
Feed Silica 
Feed FCE 

Flow rate - 1st stage: 
- 2 nd stage: 



7.05 |xS/cm ? 
16.25 ppm, 
237.5 ppb 
50.7 (iS/cm 
Dilute 5.39 gpm, 
Dilute 4.92 gpm 



Cone 
Cone 



0.416 gpm 
0.473 gpm 



10 



15 



Final product: 



Product resistivity (MQ-cm) 
Silica (DL: 0.1 ppb) 
Boron (DL: 0.05 ppb) 
Sodium (DL: 0.005 ppb) 



3a 

18.04 
0.9 ppb 
0.057 ppb 
0.5 ppb 



3b 

NA 
0.1 
ND 
ND 



Example 4 

The tests of Example 3 were repeated to obtain results at a different water 
20 temperature. By using water at an inlet temperature of 17°C, values were obtained that 
are believed to be indicative of those achievable in a production setting, such as a 
microelectronics manufacturing facility. C0 2 was added to a level of 16.25 ppm, as in 
Example 3. The results achieved at this temperature using a conventional mixed bed 
polisher (4b) and those achieved using an embodiment of the invention (4a) are provided 
25 in Table 4 below. Results obtained with the embodiment were comparable to those 
obtained with the conventional mixed bed polisher, and results for weakly ionizable 
species such as silica and boron were at ppt levels, meeting or exceeding the low-level 
requirements of many end users. In addition, the level of Total Oxidizable Carbon (TOC) 
in the feed fluid was reduced from 16.25 ppm to 19 ppb, a reduction of about three 
30 orders of magnitude. 
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Table 4 

Feed temperature 17°C 
Feed conductivity 7.22 |iS/cm 5 
FeedC0 2 16.25 ppm 

Feed Silica 257 ppb 

Feed FCE 50.9 ^iS/cm 

Flow rate - 1st stage: Dilute 5.19 gpm, Cone 0.468 gpm 
-2 nd stage: Dilute 4.76 gpm Cone 0.432 gpm 

4a 4b 

Final product: Product resistivity MQ-cm, 1 8,19 NA 

Silica (DL: 0.1 ppb) 0.3 ND 

Boron (DL: 0.05 ppb 0.056 ND 

Sodium (DL: 0.005 ppb) 0.3 0.07 

TOC(DL:5ppb) 19 14 

(Note: DL: Detection limit) 

Embodiments of the invention may also be used in tandem with other types of 
water purification devices, for example, reverse osmosis devices and/or water softening 
systems. These alternative water purification techniques may often benefit from pH 
adjustment. 

FIG. 10 illustrates a known embodiment, such as that described in Re-examined 
U.S. Patent No. RE Bl 4,574,049, in which water is fed through an inlet 330 into an RO 
system 300 and then to a second RO system 310 to produce a purified water at outlet 
360. Reject concentrate is received at outlets 340 and 350. A pH adjustment fluid such as 
sodium hydroxide is injected into the system at inlet 320 in order to adjust the pH of the 
water being treated before it enters second RO system 360. 

FIG. 1 1 illustrates an embodiment of the invention in which the pH of the fluid 
passing from a first RO unit to a second RO unit may be adjusted without adding an acid 
or base and without increasing the conductivity of the fluid. Water first enters RO unit 
400 at inlet 430. Reject concentrate from the first RO unit is received at outlet 440 and 
purified water passes through conduit 486 where it may enter electrodeionization device 
470 via conduit 484. Electrodeionization device 470 may contain any configuration of 
ion exchange materials that allows the pH of the water to be adjusted. For example, the 
depletion compartments in device 470 may include a layer of cation exchange resin 
followed by a more extensive layer of anion exchange resin, in order to raise the pH of 
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the fluid. Reject concentrate from the system is passed through outlet 480 and purified 
water of adjusted pH is passed to second RO unit 410 via conduit 420. The pH adjusted 
water may provide for more complete removal of, for example, carbon dioxide, when 
passed through the second RO device 410. Purified water is received through outlet 460 

5 and reject concentrate through outlet 450. The pH of the treated water may be adjusted 
by varying, for example, the configuration of electrodeionization device 470 or by 
making electrical adjustments during or prior to operation of the system. 

Optionally, bypass loop 482 may be used to adjust the pH of the feed to second 
RO unit 410, independently of the operation of electrodeionization device 470. The 

10 greater the amount of water that passes through bypass loop 482, the greater is the 

damping effect on the pH of the water treated by electrodeionization device 470. Thus, 
the pH of the fluid passing through conduit 420 may be monitored and the percentage of 
flow passing through loop 482 adjusted accordingly. Such adjustment may be manual or 
automated and valve controller 490 may be employed to make adjustments in flow. As 

15 the buffering capacity of purified water may be low, it may be subject to wide swings in 
pH. Thus, this embodiment may provide a technique for avoiding undesirable pH swings 
that may occur when an acid or base is added directly to the purified stream, and pH may 
be finely controlled by both tuning the electrodeionization device 470 and by adjusting 
the amount of flow through loop 482. In addition, since the pH may be adjusted through 

20 the splitting of water molecules and the subsequent removal, not addition, of ions, pH 
adjustment may be made without increasing the conductivity of the water being treated. 
Furthermore, the system can be completely sealed from outside sources of possible 
contamination, such as caustic or acid reservoirs. 

In another aspect, a system involving two or more RO units and one or more EDI 

25 devices may be used together to provide water of a decreased pH to a first RO unit and 
water of an elevated pH to a second RO unit. In this manner, one or more EDI devices 
may be used to decrease the pH for one RO unit and raised the pH for a second RO unit. 
In addition, such a configuration may aid the reduction of scaling. Alternatively, the pH 
of the water feeding the first RO unit may be increased and subsequently decreased for 

30 introduction to the second RO unit. 

These systems can provide for the removal of both cationic compounds such as 
silica and boron as well as the removal of anionic compounds such as ammonia. The pH 
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can be adjusted by varying the voltage applied to the EDI module as well as by varying 
the ratio of ion exchange material within the device. Furthermore, the pH may be both 
raised and lowered without the addition of chemicals. 

FIG. 14 provides a schematic illustration of an embodiment 700 that may provide 
for the removal of both weakly ionizable anion and weakly ionizable cation species. 
Initially, feed water is supplied to the system through conduit 710 and is fed to 
electrodeionization module 720. The pH of the water passing through the 
electrodeionization module is reduced, for example, by passing the water through a cell 
containing predominantly cation resin or by adjusting the voltage to the cell in order to 
increase the amount of water splitting, and therefore the potential for pH adjustment. 
Water at an adjusted pH, for instance, at 1 or 2 pH units below that of the water passing 
through conduit 710 exits the cell and EDI unit 720 through conduit 712 and enters a 
first RO unit 730. At a reduced pH, compounds such as ammonia may be more easily 
removed by RO and the water exiting the RO unit at conduit 714 may exhibit a lower 
cation concentration than the water entering the unit. After exiting RO unit 730 the 
water may be directed through conduit 714 back to electrodeionization unit 720. 
Alternatively, the water may be directed to an electrodeionization unit that is separate 
from that used in the earlier process. On this pass, the water may flow through a cell that 
contains, for example, predominantly anion exchange resin. In this case, the water 
exiting the electrodeionization module at conduit 716 may be at an elevated pH and thus 
the water passing through conduit 716 may be at a pH of, for example, one unit or two 
units higher than that which originally entered conduit 710. This water may be, for 
example, three to four pH units higher than that which entered the electrodeionization 
module from the first RO unit through conduit 714. The water then passes through RO 
unit 740, at an elevated pH, where weakly ionizable anions such as silicate and borate 
may be removed. Thus, water leaving RO unit 740 through conduit 718 may contain a 
reduced level of weakly ionizable anionic species, such as silicate and borate, as well as 
a lower level of weakly ionizable cationic species, such as ammonia. The desired pH at 
each of the stages in the system may be achieved, for example, by adjusting the ratios of 
anion and cation resin within the cells and by adjusting the total amount of resin that the 
water passes through, for instance, by altering the filled volume of the cells within the 
electrodeionization module. Of course, additional RO units may be employed and any 
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number of electrodeionization modules may be used. The order in which the water 
passes through each cell may also be altered so that, for example, the water may first 
pass through a cell containing anion exchange resin. 

Further modifications and equivalents of the invention herein disclosed will occur 
5 to persons skilled in the art using no more than routine experimentation, and all such 
modifications and equivalents are believed to be within the spirit and scope of the 
invention as defined by the following claims. 

What is claimed is: 
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